microprocessor (23) uses the measured patient TTI to con trol the shape of the defibrillation pulse by controlling: (i) the phase duration of the defibrillation pulse; and (ii) the voltage level to which the defibrillator's capacitor bank (15) is charged. The defibrillation pulse shape is controlled So that the energy conveyed by the defibrillation pulse to the patient is near or exceeds a desired value. The desired value may be set by an operator via an energy Selector (25) . A switch (13) controls the connection of defibrillator elec trodes (27a, 27b) to the impedance measuring circuit (11) and the capacitor bank (15). 
-------------------------------------------------------------------------------------

CROSS-REFERENCE TO RELATED APPLICATION
This application is a continuation-in-part of prior U.S. application Ser. No. 08/844,572, filed Apr. 18, 1997, now abandoned, priority from the filing date of which is hereby claimed under 35 U.S.C. S. 120.
FIELD OF THE INVENTION
The invention relates generally to methods and apparatus for delivering defibrillating energy to a patient and, more particularly, to methods and apparatus for delivering defibrillating energy to patients with different transthoracic impedance.
BACKGROUND OF THE INVENTION
Ventricular fibrillation is one of the most common life threatening medical conditions that occurs with respect to the human heart. In ventricular fibrillation, the human heart's electrical activity becomes unsynchronized, which results in a loSS of its ability to contract. As a result, a fibrillating heart immediately loses its ability to pump blood into the circulation System. A common treatment for ven tricular fibrillation is to apply an electric pulse to the heart that is strong enough to Stop the unsynchronized electrical activity and give the heart's natural pacemaker a chance to reinitiate a synchronized rhythm. External defibrillation is the method of applying the electric pulse to the fibrillating heart through a patient's thorax.
Existing external cardiac defibrillators first accumulate a high-energy electric charge in an energy Store, typically a capacitor. When a Switching mechanism is activated, the Stored energy is applied to the patient via electrodes posi tioned on the patient's thorax. The resultant discharge of the capacitor causes a large current pulse to be transferred through the patient.
Circuitry in a defibrillator may be used to alter a pulse's duration and direction of flow, thereby affecting the shape of the pulse. Common defibrillating pulse shapes include damped Sine and truncated exponential waveforms. Both types of waveforms can have Single or multiple phases. A biphasic truncated exponential waveform has two phases. In the first phase of the pulse, current flows in one direction. In the Second phase, current flows in the opposite direction.
Regardless of the waveform used by a defibrillator, the defibrillation pulse applied to a patient contains a certain amount of energy. The defibrillator industry uses energy Settings on a defibrillator's control panel to indicate the Selected amount of energy that the defibrillation pulse should deliver to the patient.
In existing defibrillation practice, when it is necessary to apply a Succession of defibrillation pulses to a patient, the operator generally increases the Selected amount of energy to be delivered by each Successive pulse. Higher energy defibrillation pulses are used until defibrillation occurs, or the highest available energy is used. The American Heart ASSociation recommends that an energy level of 200 joules be set for a first defibrillation pulse, 200 or 300 joules for a second defibrillation pulse, and 360 joules for a third defibrillation pulse.
When a defibrillating pulse is applied to a patient, the pulse encounters a resistance to the flow of electrical current through the patient. The resistance of a patient's thorax to ance (TTI) . The magnitude of current flowing through a patient is directly proportional to the magnitude of the Voltage difference across the electrodes used to deliver the defibrillation pulse to the patient and inversely proportional to the patient's TTI.
External defibrillators are likely to encounter patients with a wide range of TTI values. Thus, one challenge that faces external defibrillator manufacturers is to design defibrilla tors that work well over a wide range of patient TTI values. While conventional defibrillators are often specified for and tested with 50 ohm loads, patient TTI can vary greatly in a range from 25 to 180 ohms. Average patient TTI in a hospital setting is about 80 ohms.
Defibrillator circuits which generate damped Sine and truncated exponential pulses respond differently to varia tions in transthoracic impedance. Damped Sine defibrillator impedance response is passive; that is, the response is determined entirely by the amount of capacitance, inductance, and resistance in the circuit. AS impedance increases, defibrillating pulse duration increases and peak current decreases.
Several factors affect the shape of waveforms produced by truncated exponential defibrillators in response to differ ent TTI values. Both the capacitance and resistance of the circuit determine passively how quickly the current drops after its initial peak. The active control of a Switch that truncates the discharge determines the duration of each phase of the pulse. By design, pulse duration typically increases with increasing TTI values. This is done to allow additional time for energy delivery before the pulse is truncated.
Prior art defibrillators are calibrated for energy delivery at a single, Specified load impedance, typically 50 ohms. However, as noted earlier, the TTI of many patients exceeds 50 ohms. As a result, the amount of energy actually deliv ered to a patient is different than the energy level Selected by the operator. With damped sine waveforms, patients with TTI greater than 50 ohms receive higher energy than the energy level Selected by the operator. With truncated expo nential waveforms having fixed durations, patients with TTI greater than 50 ohms receive less energy than the Selected energy level. The peak current delivered to patients also drops as patient TTI increases. Prior art defibrillators using truncated exponential waveforms typically adjust the dura tion of the waveforms (i.e., increased duration with increased impedance) to compensate for a decrease in energy delivered. However, partly because of a reduction in peak current produced in higher impedance patients, long duration truncated exponential waveforms may be leSS effective among high impedance patients. See, for example, the article "Transthoracic Defibrillation of Swine with Monophasic and Biphasic Waveforms," Circulation 1995, Vol. 92, p. 1634 , in which the authors Gliner et al. acknowl edge that, for a biphasic truncated exponential waveform, pulse durations exceeding 20 milliseconds are less effective.
Recognizing that patient TTI values affect the amount of current actually delivered to a patient, the prior art has proposed various techniques designed to compensate for varying patient impedance values. For example, U.S. Pat. No. 4, 574, 810 to Lerman discloses a defibrillator designed to provide a peak current using an amperes per ohm factor based on a measured patient transthoracic resistance. U.S. Pat. Nos. 4, 771, 781 and 5, 088, 489, also clinical Studies using an automated impedance-based method of energy adjustment," Circulation, May 1988 , Vol. 77, No. 5, page 1038 . In these articles, the authors address the problem of providing an adequate amount of energy for defibrillation to different patients having high and low transthoracic impedance. The authors Suggest basing a first defibrillation pulse on a low energy value, Such as 100 joules. The authors believe that delivery of such a pulse to a low impedance patient may be Sufficient for defibrillation. To address higher impedance patients, the authors Suggest measuring patient impedance momentarily before defibril lation to determine if the patient impedance exceeds an arbitrary value Such as 70 ohms. If a patient impedance in excess of 70 ohms is detected, the authorS Suggest automati cally increasing the Selected amount of energy.
For example, if a 100-joule pulse is selected by an operator, a defibrillation pulse of 200 joules would be delivered if the patient's TTI exceeded 70 ohms. Likewise, if 150 joules or 200 joules is selected, the defibrillator would deliver 300 joules or 400 joules, respectively. The authors' proposal is based on a belief that low energy defibrillation pulses are insufficient to defibrillate high impedance patients and that applying a higher energy first pulse to Such patients will avoid the need to apply multiple defibrillation pulses.
Delivering different levels of energy to patients having different TTI levels is also disclosed in U.S. Pat. No. Fain et al. discloses a method of Selecting a Suggested pulse width for a second defibrillation pulse based on system impedance measured during delivery of a first defibrillation pulse. U.S. Pat. Nos. 5,601,612 and 5,593.427, both to Gliner et al., describe on-the-fly adjustment to the duration of a defibrillation pulse to compensate for patient-to-patient impedance differences. U.S. Pat. No. 5,540,723 to Ideker et al. discloses methods and apparatus for treating cardiac arrhythmias wherein the duration of a defibrillation pulse is adjusted in accordance with a detected pulse Signal time constant, of which patient impedance is one factor. U.S. Pat. No. 5,607,454 to Cameron et al. teaches on-the-fly adjust ment to the relative duration of phases of a multiphasic waveform depending on a monitored parameter detected during delivery of the waveform to a patient. U.S. Pat. No. 5,534,015 to Kroll et al. discloses an implantable defibril lator that uses a resistance value measured acroSS electrodes to dynamically control the duration of a first portion of a multiphasic waveform's first phase. Nevertheless, compen Sating for increased patient TTI by increasing the duration of the defibrillation pulse after delivery of the pulse has begun is not Satisfactory because in cases where there is insufficient charge on the capacitor, the current delivered by Such a defibrillation pulse is not sufficient to defibrillate the heart, especially when a monophasic or biphasic truncated expo nential waveform is employed.
While the prior art has recognized that defibrillator pulse current, energy, and shape are related to patient TTI, the prior art has not Suggested that, particularly for truncated exponential defibrillation pulses, the shape of the pulse, including peak amplitude and phase duration should be adjusted according to patient TTI measured prior to delivery to assure delivery of a chosen amount of energy. The present invention is directed to providing a defibrillation method and apparatus wherein the amplitude and duration of a defibril lation pulse are determined prior to delivery based on a measured patient TTI So that the energy conveyed by a defibrillation pulse to the patient is near or exceeds the selected level regardless of the patient's TTI.
SUMMARY OF THE INVENTION
In accordance with the present invention, a defibrillator method and apparatus are provided wherein a patient's transthoracic impedance (TTI) is measured prior to delivery of a defibrillation pulse. The patient's TTI is used to control the shape (amplitude and duration) of a defibrillation pulse, and hence control the amount of energy conveyed by the defibrillation pulse to the patient. More specifically, a patient's TTI is measured prior to charging a defibrillator's energy store for delivery of a defibrillation pulse. The patient's TTI is also measured during delivery of a defibril lation pulse. The defibrillator method and apparatus of the present invention use the patient's TTI to control the ampli tude and duration of the defibrillation pulse, so that the amount of energy conveyed by the defibrillation pulse to the patient is near or exceeds a desired value. Specifically, an optimal pulse duration is determined and a target charge level is Set for charging the defibrillator's energy Store So that the defibrillation pulse having the determined duration conveys the amount of energy desired. The desired energy value can be chosen by an operator, or can be automatically determined by the defibrillator based on the patient's TTI value.
Because the amplitude of a defibrillation pulse is directly related to the level to which a defibrillator's energy store is charged, in accordance with further aspects of this invention, the defibrillator controls the shape of a defibrillation pulse 5,999,852 S by adjusting the charge Stored in the energy Store. Preferably, the energy Store is a capacitor bank and the defibrillator charges the capacitor bank to a Voltage level determined by using the patient's measured TTI value as an indeX to a look-up table containing Voltage level informa tion. The look-up table is Stored in a memory and associates patient TTI values with voltage levels. The looked-up value is used to control the charging of the defibrillator's energy Store So that a defibrillation pulse produced by discharging the energy Store conveys an amount of energy to a patient that is near or exceeds a chosen amount of energy.
In accordance with other aspects of this invention, the defibrillator also shapes the defibrillation pulse by control ling the duration of one or more phases of the pulse prior to delivering the pulse to a patient. Preferably, the defibrillation pulse has a biphasic truncated exponential (BTE) shape. The duration of the first phase of the BTE pulse is determined by using the patient's measured TTI as an indeX to a look-up table of phase durations stored in a memory. While the duration of the second phase of the BTE pulse may be similarly determined from a look-up table, preferably the duration of the second phase is set to be two-thirds of the duration of the first phase.
In accordance with yet other aspects of this invention, the defibrillator uses different measurements of a patient's TTI to detect whether the defibrillator-patient connection is in an open or shorted State that could prevent delivery of the desired energy to the patient. An open or Shorted State exists whenever the measured impedance falls outside a range of normal patient TTI values (e.g., 25-300 ohms). When an open or shorted connection is detected, the defibrillator either discharges the Stored energy into an internal energy dump or prevents the energy store from producing a defibril lation pulse.
BRIEF DESCRIPTION OF THE DRAWINGS
The foregoing aspects and many of the attendant advan tages of this invention will become more readily appreciated as the Same becomes better understood by reference to the following detailed description, when taken in conjunction with the accompanying drawings, wherein:
FIG The ability of a defibrillation pulse to defibrillate a patient's heart is typically defined in terms of probabilities. A defibrillation pulse having a particular amplitude and duration may be more or less likely to Successfully defib rillate a fibrillating heart. The efficacy of a defibrillation pulse delivered to a patient may be expressed in a strength duration graph as shown in FIG.1. The Strength (amplitude) of a defibrillation pulse, shown in FIG. 1 as amperes of current, is plotted on the y-axis while the duration of the pulse, shown in milliseconds, is plotted on the X-axis. For a given pulse Strength and duration, there is a probability that the pulse will succeed in terminating fibrillation of the patients heart. Defibrillation pulses having too little strength or too little duration, as noted by the X's 5, will likely fail in terminating fibrillation. Defibrillation pulses having too great Strength and/or too long duration, as noted by the Y'S 6, will likely damage a patient physiologically and/or cause the patient's heart to refibrillate. Accordingly, there is a range of pulse Strength and duration, as shown by the Z's 7, in which a defibrillation pulse is more likely to Succeed in defibrillating a heart while avoiding long-term damage or refibrillation. Moreover, according to the present invention, an optimal pulse duration is Selected to minimize the pulse Strength needed for Successful defibrillation. In terms of the Strength-duration graph of FIG. 1 , the optimal duration lies in the range between the dashed lines 11.
A minimum Strength-duration threshold, shown by curve 8, identifies the point of crossover from defibrillation pulses that are less likely to more likely result in Successful defibrillation. A maximum Strength-duration threshold, shown by curve 9, identifies the crossover from successful defibrillation pulses to pulses that are more likely to cause damage or refibrillate the heart. The present invention is directed to optimally shaping one or more defibrillation pulses So that the Strength and the duration of a pulse, as delivered to a patient, lies within a range that falls between the threshold curves 8 and 9 for the patient. The present invention uses a measure of the patient's transthoracic impedance (TTI) determined prior to delivery of a defibril lation pulse to tailor the amplitude and duration to the particular patient's TTI.
Before discussing a preferred embodiment of the inven tion in detail, a brief overview of the invention is provided. When a user attaches a defibrillator constructed according to the invention to a patient and instructs the defibrillator to provide a defibrillation pulse, the defibrillator measures the TTI of the patient prior to delivering the defibrillation pulse. The patient's TTI may be measured outside of defibrillation by a Specialized impedance measuring circuit, during deliv ery of a prior defibrillation pulse from an electrical param eter Sensed during the delivery, or a combination of the two. The patient's TTI is used to shape the defibrillation pulse by determining the level to which the energy Store included in the defibrillator is charged (thereby determining the strength or amplitude of the pulse) and the period of time the Stored energy will be discharged to the patient (thereby determining the duration of the pulse). In a preferred embodiment of the invention, the charge level and phase durations are deter mined from one or more look-up tables Stored in a memory that use patient TTI as an index. The charge level and phase 5,999,852 7 duration values Stored in the tables are predetermined Such that for each level of patient TTI, the defibrillator produces a defibrillation pulse whose amplitude and duration are Such that the defibrillation pulse contains an amount of energy equal to the chosen amount of energy.
FIG. 2 is a block diagram illustrating components of a defibrillator 10 formed in accordance with the present inven tion. The defibrillator 10 includes an impedance measuring circuit 11, a Switch 13, a capacitor bank 15, an energy dump 16, an energy source 17, a defibrillator control circuit 19, a memory 21, a microprocessor 23, an energy Selector 25, and patient electrodes 27a and 27b.
The patient electrodes 27a and 27b may be hand-held electrode paddles or adhesive electrode pads placed on the skin of a patient. The patient's body provides an electrical path between the electrodes. When using hand-held elec trode paddles, the defibrillator preferably prompts the opera tor to hold and retain the paddles firmly on the patient's thorax throughout the impedance measurement and defibril lation procedure of the present invention.
The energy Selector 25 Supplies energy Setting informa tion to the microprocessor 23 and instructs the defibrillator regarding the defibrillation pulse energy to be delivered to a patient. While the energy selector 25 can be in the form of a continuous dial, in a preferred embodiment the energy Selector 25 permits Selection of an energy level from a Set number of discrete energy levels, such as 100 joules, 200 joules, 300 joules, and 360 joules, for example. If desired, Such as in the case of an automated external defibrillator with preprogrammed energy levels, the energy Selector 25 could be eliminated.
The patient electrodes 27a and 27b are connected to the Switch 13 via conductors 31a and 31b. The Switch 13 couples the electrodes 27a and 27b to either the input of the impedance measuring circuit 11 or to the output of the capacitor bank 15, based on the State of a control Signal received from the microprocessor 23. The Switch is of conventional design and may be formed of electrically operated relayS. Alternatively, an arrangement of Solid State devices Such as Silicon controlled rectifiers or insulated gate bipolar transistors may be used.
According to one aspect of the invention, the defibrillator 10 measures the TTI of a patient (i.e., the impedance between the electrodes 27a and 27b when placed on a patient 29) before delivering a defibrillation pulse. The defibrillator 10 uses the impedance measuring circuit 11 to measure the patient's TTI. The impedance measuring circuit 11 may use any of the known transthoracic impedance measuring techniques, including a high frequency, low level current pulse technique, a Sensing resistance technique, or a low intensity Sensing Shock technique. Preferably, a high frequency, low level current technique is used for TTI measurement outside of delivering a defibril lation pulse. A pulse generator (not shown) included in the impedance measuring circuit 11 produces low amplitude, constant current high frequency pulses. The pulses are generated at a frequency of up to 50 kHz, preferably around 25 kHz. The pulses flow from one patient electrode 27a through the patient's body to the other patient electrode 27b. This current flow causes a Voltage to develop across the patient's body that is proportional to the product of the patient's TTI and the applied current. The impedance mea Suring circuit 11 measures the Voltage, and either the micro processor 23 or the impedance measuring circuit 11 divides the measurement by the applied current to calculate of the patient's TTI. If the microprocessor 23 performs the Measurement of patient TTI may also be accomplished using an electrical parameter sensed by the defibrillator 10 during prior defibrillation pulses, if any, delivered to the patient. Such impedance measurement may include an analysis of the Voltage and current that develops in the patient during delivery of the prior defibrillator pulse. Alternatively, it may include an analysis of the drop in capacitor Voltage over a period of time during the discharge. Given a known capacitance and resistance internal to the defibrillator 10, one skilled in the art can determine the patient's impedance that contributes to the capacitor Voltage rate of decay. The microprocessor 23 may monitor the capacitor bank 15 via the defibrillator control circuit 19.
In Some circumstances, it may be advantageous to com bine TTI measurements made during prior defibrillation pulses with predefibrillation TTI measurements made by the impedance measuring circuit 11. The combination TTI mea Surement is used to determine the amplitude and duration of the defibrillation pulse to be delivered (though this is not possible for a first defibrillation pulse because there are no prior defibrillation pulses). In circumstances where a patient TTI measurement made by the impedance measuring circuit 11 before delivery of a defibrillation pulse is believed to be more accurate than a measurement made during delivery of a prior defibrillation pulse, the defibrillator 10 preferably uses the more recent patient TTI value measured by the impedance measuring circuit 11 to control the shape of the pulse.
The defibrillator 10 delivers defibrillating energy to a patient in a defibrillation pulse having a shape that is determined by the defibrillator prior to delivery of the pulse. The amount of energy that a defibrillation pulse delivers to a patient having a particular TTI is controlled by controlling the shape of the defibrillation pulse. Defibrillation pulse shape is determined, in part, by the amplitude and duration of the pulse. Because the amount of energy in a defibrillation pulse is dependent on the Shape of the pulse, modification of the shape of a defibrillation pulse can change the amount of energy delivered to a patient. The amplitude of a defibril lation pulse primarily depends on the Voltage magnitude of the charge Stored in the capacitor bank 15 prior to delivery of the defibrillation pulse. The defibrillator 10 modifies the amplitude of defibrillation pulses and, hence, the amount of energy delivered to a patient, by adjusting the Voltage level to which the defibrillator's capacitor bank 15 is charged.
In a preferred embodiment of the invention, the memory 21 contains a The manner in which Voltage values are determined for Storing in the table is described later in greater detail. At this point it is sufficient to note that for a given defibrillation pulse shape, the amount of energy that the pulse will deliver to a patient having a particular TTI can be determined. The Voltage levels Stored in the table are determined by using this relationship in reverse. Knowledge of the amount of energy contained in a pulse produced by a particular capacitor bank Voltage level when applied to a patient have a known TTI is used to determine the capacitor bank Voltage values Stored in memory. This relationship is also applicable in circum stances where, for higher impedance patients, a higher amount of energy is desired. Capacitor bank Voltage levels may be determined So that the desired amount of energy is delivered to the patient.
Another aspect of a defibrillation pulse shape is the duration of the pulse. For multiphasic defibrillation pulses, a defibrillator constructed according to the invention deter mines the duration of one or more of the phases of the pulse. Like controlling the amplitude of a defibrillation pulse controls the energy delivered by the pulse to a patient, controlling the duration of one or more of the phases of a multiphasic defibrillation pulse also controls the amount of energy delivered by the pulse to a patient.
As described more fully below, a patient's TTI is related to phase duration, and thus can be used to Set phase duration So that a desired amount of energy is delivered to a patient. Preferably, the memory 21 contains a To deliver a defibrillation pulse to a patient, the micro processor 23 directs defibrillator control circuit 19 to cause the energy source 17, which may be a series of DC batteries, to charge the capacitor bank 15 to the Voltage level deter mined from the look-up table. When the determined voltage level is reached, the microprocessor 23 either instructs the Switch 13 to electrically connect the defibrillator capacitor bank to the patient and thereby deliver a defibrillation pulse to the patient, or ignites a light that informs an operator that the defibrillator is ready to deliver a defibrillation pulse to the patient 29. In the latter case, the Switch 13 connects the capacitor bank 15 to the patient upon operator activation of a defibrillation control. The invention described herein is primarily beneficial to defibrillators that generate and deliver defibrillation pulses having truncated exponential waveforms. The preferred truncated exponential waveform is a biphasic truncated exponential (BTE) waveform, the duration of the first phase of which is determined as described herein. Preferably, the duration of the second phase of the BTE waveform is set to equal two-thirds the duration of the first phase.
Phase duration values are derived from a model wherein a patient's physiological response to a defibrillation pulse is Simulated as a parallel resistor-capacitor circuit. The ampli tude of a defibrillation pulse delivered to a patient decayS over a period of time in accordance with a time constant equivalent to the product of the capacitance and the resis tance of the defibrillator System (as attached to a patient).
The capacitance of a defibrillator System is mostly dictated by the Size and configuration of the capacitors in the defibrillator's capacitor bank. The resistance in a defibrilla tor system is the sum of both the defibrillator's internal resistance and the resistance (i.e., impedance) of the patient.
In a paper titled "Choosing the Optimal Monophasic and Biphasic Waveforms for Ventricular Defibrillation", pub lished in the Journal of Cardiovascular Electrophysiology, September 1995, the authors Walcott et al. describe a mathematical model that predicts optimal truncation points for monophasic and first phase of biphasic waveforms as the time constant of a defibrillator System varies, to minimize the leading edge Voltage needed for Successful defibrillation. In this model, an optimal phase duration is calculated to be:
s in s where t is the time constant of the defibrillator system and T, is a time constant characteristic of a patient's heart. For a preferred embodiment of the invention, t, is Selected to equal 0.0051 seconds. Since t is the time constant of the defibrillator System attached to a patient, t is mathemati cally related to patient impedance. As a result, equation (1) relates optimal phase duration to patient impedance.
Phase duration values are calculated for the various levels of patient TTI using equation (1). These phase duration values are Stored in the look-up table described earlier. An advantage presented by this invention is that a patient's impedance is measured prior to defibrillation. Performing a predefibrillation measurement allows the phase duration to be determined prior to delivery of the defibrillation pulse. AS noted earlier, the capacitor Voltage charge level for a patient TTI value is determined by a reverse calculation of the amount of energy conveyed by a defibrillation pulse to a patient. The purpose of the calculation is to Set the capacitor Voltage charge to a level that causes a defibrillation pulse produced when the capacitor is discharged to have an energy magnitude that is near or exceeds a chosen energy magnitude. The energy delivered by a truncated exponential waveform to a patient having a 50 ohm TTI may be described as follows:
In this equation, V is the voltage to which the defibrillator capacitor bank is charged for a 50 ohm patient, C is the capacitance of the defibrillator System, R is the resistance of the patient (i.e., 50 ohms), R is the internal resistance of the defibrillator, and t is a tilt characteristic of the defibril 5,999,852 11 lation pulse. Tilt is a measure of the pulse amplitude decay and is a ratio of the drop in amplitude to the initial pulse amplitude over a period of time. Tilt may be expressed by the equation: (3) where R, R, and C are as defined earlier and d is the duration of the pulse for a 50 ohm patient. For a BTE waveform having a Second phase duration Set at two-thirds the duration of the first phase, d, equals 1.667 times the duration calculated by equation (1) for the first phase.
For a patient having a TTI different than 50 ohms, a Voltage V is determined for charging the capacitor bank So that the energy delivered by a defibrillation pulse to the patient (E) equals the energy delivered to a 50 ohm patient as described by the above equation for Ed., Setting E to equal E. Substituting V1, R1, and t, in the equation for E.
and Solving for V results in the following equation:
Equation (4) is used to calculate the Voltage levels to be stored in the look-up table described earlier for each level of potential patient TTI. Preferably, a second measure of patient TTI made during delivery of a defibrillation pulse is compared to a first measure of patient TTI made prior to the delivery. It is possible that, due to a change in circumstances, the Second measure of patient TTI will vary from the first measure of patient TTI. A variation between measurements may be caused by movement of the defibrillator electrodes 27a and 27b or some component of the defibrillator 10 may have failed. If the Second measure is within a certain margin (e.g. 10%) of the first measure, the defibrillator preferably con tinues forward with the delivery of the defibrillation pulse.
If the second measure of patient TTI varies in excess of the margin but less than a certain threshold (e.g. varies between 10-20%) of the first measure, the second measure of patient TTI may indicate that an error occurred in making the first measure. Since the shape of the defibrillation pulse was determined using the first (erroneous) TTI measure, the amount of energy that will actually be delivered to the patient using the determined pulse shape may not accord with the chosen amount of energy. To compensate for the erroneous TTI measure, the defibrillator may use the second TTI measure to recalculate the duration of the pulse being delivered. Since the initial charge Voltage V on the capaci tor bank had already been Set, and the chosen amount of energy E to be delivered is known, the defibrillator may set the variable R1 to equal the second TTI measure and use the mathematical relationship expressed in equations (2) and (3) above to Solve for a new pulse duration d. From this d, the first phase duration and Second phase duration (being two thirds of the first phase duration) may be adjusted accord ingly. By adjusting the phase duration in this manner, it is anticipated that the defibrillation pulse will still deliver the chosen amount of energy to the patient. 12 Significant risk of harm to the patient, the user of the defibrillator, or the defibrillator itself. To avoid possible dangers, the defibrillator 10 preferably discharges the charge Stored in the capacitor bank 15 to an energy dump 16 instead the patient 29. Diverting the defibrillation pulse discharge to an energy dump 16 Safely dissipates the energy Stored in the capacitor bank. Alternatively, the defibrillator 10 may retain the charge in the capacitor bank and not allow a discharge to occur until the electrodes are properly situated on the patient and a patient TTI measurement is made that falls within a certain threshold of the first TTI measure.
The energy dump 16 may be constructed using methods and components known in the art. Resistive elements used in the energy dump 16 should normally be sized to adequately limit the current that would result in the energy dump from receiving a discharge from the capacitor bank 15. Heat dissipating elements may also be required in the energy dump. In FIG. 2 , the energy dump 16 is shown separate from the Switch 13. However, in Some applications, it is desirable to combine the energy dissipating function of energy dump 16 with a current limiting element (not shown) included in a Switch 13. A combined energy dump and current limiting component having both inductive and resistive characteris tics used in a Switch for generating BTE waveforms is shown and described in copending and commonly assigned U.S. application Ser. No. 09/035,690 titled "H-Bridge Cir cuit for Generating a High-Energy Biphasic Waveform in an External Defibrillator, incorporated herein by reference.
While the defibrillator 10 is primarily used to provide defibrillation pulses conveying an amount of energy Sub Stantially equal to a chosen amount of energy to patients across a range of patient TTI values, the defibrillator 10 may also be used to provide an increased amount of energy in defibrillation pulses delivered to high-impedance patients. It is to be appreciated that controlling the Voltage amplitude on the defibrillator capacitor bank in relation to the phase duration of a defibrillation pulse to provide increased mag nitude energy pulses has important advantages over prior art Systems. Maintaining or increasing defibrillation pulse energy acroSS different patient TTI values makes it more likely that patients with a higher TTI will receive a defibril lation pulse sufficient for defibrillation. As will be appreciated by those familiar with defibrillators, the peak voltage charge to which the capacitor bank is charged will be slightly higher than the peak voltages represented in FIG. 4 AS perSons skilled in the art will recognize, the electrical power delivered to a patient is determined by the product of the current flowing through the patient and the Voltage developed across the patient. Further, the amount of energy delivered to a patient is determined by integrating the power delivered over the time in which the delivery occurs.
Therefore, one skilled in the art can use the curves shown in   FIG. 4 of FIG. 6 shows the defibrillation pulse energy delivered by a BTE defibrillator that lacks the present invention. As patient TTI value increases, defibrillator pulse energy delivered to the patient decreases. AS shown, patients with a TTI of 200 ohms receive less than 300 joules of energy, even though the energy Selector on the defibrillator indicates a desired delivered energy of 360 joules.
The upper curve of FIG. 6 shows the energy delivered to a patient by a defibrillator formed in accordance with the present invention. The upper curve demonstrates that the energy actually delivered to a patient is the same value across all patient TTI values. If the energy level selected is 360 joules, the energy actually delivered is 360 joules .  FIG. 7 shows the peak current that is delivered to patients within the range of TTI values shown in FIGS. 5 and 6. The curves shown in FIG. 7 are for defibrillators having a nominal 360 joules selected energy level. The lower curve shows the peak current delivered to patients using a BTE defibrillator that lacks the present invention. The upper curve shows the amount of current delivered to a patient by a BTE defibrillator constructed in accordance with the invention. AS evident from this graph, in the case of patients with higher TTI values, a defibrillator formed in accordance with the present invention delivers a greater peak current. Although providing a specific amount of peak current to patients having a different amount of TTI is not the focus of the present invention, adjusting the Voltage level to which the capacitor bank is charged in accordance with the present invention, which produces an adjustment in current delivered, might improve the Success rate or efficacy of the defibrillation pulse over a wide range of patient impedance.
While the preferred embodiment of the invention has been illustrated and described, it will be appreciated that various changes can be made therein without departing from the (c) determining a pulse amplitude and a pulse duration for a phase of the defibrillation pulse prior to delivering the defibrillation pulse to convey an amount of energy to the patient near or exceeding the chosen amount of energy, wherein the pulse duration is determined based on the patient's transthoracic impedance, and the pulse amplitude is determined based on the determined pulse duration, the patient's transthoracic impedance, and the chosen amount of energy; (d) charging an energy Store to a level in accordance with the determined pulse amplitude; and (e) discharging to the patient the charge Stored in the energy Store to deliver the defibrillation pulse having the determined pulse amplitude and pulse duration. 2. The method of claim 1, further comprising providing an energy Selector and wherein choosing the amount of energy to deliver to the patient comprises Setting the energy Selector to indicate the chosen amount of energy.
3. The method of claim 1, wherein determining a pulse amplitude for the defibrillation pulse includes using the patient's transthoracic impedance measured prior to deliv ering the defibrillation pulse to determine a Voltage level to which the energy Store should be charged.
4. The method of claim 3, further comprising providing a memory in which Voltage level values are previously Stored for use in charging the energy Store, the Voltage level values being arranged in the memory to correlate with respective patient transthoracic impedances, and referencing the memory using the patient's transthoracic impedance to determine the Voltage level value Specifying the Voltage level to which the energy Store should be charged.
5. The method of claim 1, further comprising providing a memory in which duration values are previously Stored for use in delivering the defibrillation pulse, the duration values being arranged in the memory to correlate with respective patient transthoracic impedances, and referencing the memory using the patient's transthoracic impedance to determine the duration value Specifying the duration for the phase of the defibrillation pulse.
6. The method of claim 1, wherein measuring the patient's transthoracic impedance is performed during delivery of a prior defibrillation pulse delivered to the patient by moni toring an electrical parameter during delivery of the prior defibrillation pulse and calculating the patient's transtho racic impedance based on the monitored electrical param eter.
7. The method of claim 1, wherein the defibrillation pulse is a Subsequent defibrillation pulse for delivery after a prior defibrillation pulse and wherein measuring the patient's transthoracic impedance includes:
(a) monitoring an electrical parameter during delivery of the prior defibrillation pulse to the patient; (b) calculating a first measure of the patient's transtho racic impedance based on the monitored electrical parameter,
